Introduction and Principle of Boron Neutron Capture Therapy (BNCT)
==================================================================

The BNCT in theory provides a way to selectively destroy malignant cells and spare normal cells. BNCT requires two components, i.e., a neutron and a boron-carrier. Sir James Chadwick discovered neutron in 1932 and was awarded the 1935 Nobel Prize in Physics for his discovery.^[@B1]^ A mere 4 years later, Locher introduced the concept of BNCT.^[@B2]^ BNCT is based on the nuclear capture and fission reactions that occur when boron-10 (^10^B), which is a nonradioactive constituent of natural elemental boron, is irradiated with low-energy thermal neutrons to yield high linear energy transfer (LET) alpha particles (^4^He) and recoiling lithium-7 (^7^Li) nuclei.

In order for BNCT to be successful, a sufficient amount of ^10^B must be selectively delivered to the tumor cells (∼20 μg/g weight or ∼10^9^ atoms/cell) with good contrast of accumulation to the surrounding normal cells, and a sufficient number of thermal neutrons must be absorbed by the tumor cells to sustain lethal damage from the ^10^B(n, α)^7^Li capture reaction. Since the high LET particles have limited path lengths in tissue (5--9 μm), the destructive effects of these high LET particles are limited to boron-containing cells.

The principle of BNCT is shown in [Fig. 1](#F1){ref-type="fig"}. In this figure, malignant gliomas in the brain are the presumed target. One characteristic of this type of tumor is that it infiltrates the surrounding normal brain. For this reason, care should be taken that the tumor cells selectively accumulate the ^10^B atoms rather than the normal cells. This selective accumulation is achieved by the nature of the ^10^B-containing compounds themselves, and is discussed in detail in the next section. After the ^10^B-containing compounds are accumulated in the tumor cells, the tumor cells are irradiated with non-hazardous low-energy thermal neutrons. During this process, it is not necessary to aim the neutron irradiation exclusively at the tumor cells. High LET particles will destroy only ^10^B-containing cells and preserve the normal surrounding cells, as shown in [Fig. 1](#F1){ref-type="fig"}.

Clinical interest in BNCT has focused primarily on high-grade gliomas,^[@B3]--[@B5]^ and more recently on patients with recurrent tumors of the head and neck region who have failed conventional therapy.^[@B6]--[@B9]^ In 1950s in the USA, Farr et al. performed the first clinical trial of BNCT for malignant gliomas.^[@B10],[@B11]^ Unfortunately the trial was unsuccessful due to the poor accumulation of boron compound in tumor tissues and a lack of neutron penetration. Since BNCT is primarily a biochemically rather than a physically targeted type of radiation treatment, the potential exists to destroy tumor cells dispersed in normal brain tissue, if sufficient amounts of ^10^B and thermal neutrons are delivered to the target volume, as described above. In this review article, we will provide an update on BNCT, specifically as it relates to the treatment of recurrent and newly diagnosed high-grade gliomas, and recurrent high-grade meningiomas, and chiefly based on our experiences. We will also discuss accelerator-based BNCT and other recent developments.

Selective Accumulation of Boron Compounds and Positron Emission Tomography (PET) Imaging
========================================================================================

The selective tumor cell destruction in BNCT is achieved by selective accumulation of ^10^B atoms in tumor cells, which is dependent on the characteristics of the boron-delivery agents. The most important requirements for a successful boron-delivery agent are: (1) low systemic toxicity and low normal tissue uptake with high tumor uptake and concomitant high tumor: brain contrast (\> 3--4:1); (2) tumor concentrations of at least ∼20 μg ^10^B/g tumor; and (3) rapid clearance from the blood and normal tissues and persistence in tumors during BNCT. Because of these stringent requirements, there are only two boron delivery agents in clinical use: the polyhedral boron anion, sodium mercaptoundecahydro-closo-dodecaborate (Na~2~B~12~H~11~SH), commonly known as sodium borocaptate (BSH)^[@B12]^; and the boron-containing amino acid (L)-4-dihydroxyborylphenylalanine, known as boronophenylalanine (BPA). Structural diagrams of both compounds are shown in [Fig. 2](#F2){ref-type="fig"}.

Each of these compounds reaches or accumulates in different subpopulations of tumor cells in a different fashion.^[@B13]^ BSH is not delivered into the normal brain through the blood-brain barrier, and thus the concentration of this compound in tumor tissue is related to both the tumor vasculature and its concentration in the blood. BPA accumulates preferentially into the actively proliferating subpopulation via the augmented expression of amino acid transporters on tumor cells. However, some of this compound inevitably accumulates in normal tissue. No apparent adverse effect has been observed by BSH administration. As a sole adverse effect of intravenous BPA administration, re-crystallization of this agent in the urinary tract should be mentioned. This might be followed by transient high-grade fever. This adverse effect can be avoided by appropriate hydration after neutron irradiation.

The selective destruction of glioblastoma (GBM) cells in the presence of normal cells represents even greater challenge than malignancies at other anatomic sites, since high-grade gliomas are highly infiltrative into the normal brain, histologically complex, and heterogeneous in their cellular composition.

To ensure the selective accumulation of BPA and to make a dose-simulation prior to neutron irradiation, we used ^18^F-BPA-PET. This readily gave us an accurate BPA accumulation and distribution before irradiation, i.e., without craniotomy.^[@B14]--[@B16]^ A representative ^18^F-BPA-PET image is depicted in [Fig. 3](#F3){ref-type="fig"}. The lesion-to-normal (L/N) brain ratio of the enhanced tumor was 7.8 in this case. Note that even the periphery of the main mass, that is, the infiltrative portion of the tumor without contrast enhancement, showed BPA uptake. These results were used to estimate the L/N ratio of BPA uptake, which in turn was used for dose planning. The PET image provides clear evidence of tumor cell-selective destruction by BNCT using BPA.

BNCT for Recurrent Malignant Gliomas
====================================

Initially we applied BNCT for recurrent malignant gliomas. In clinical usage, either BPA alone or in combination with BSH has generally been used for BNCT of recurrent malignant gliomas. On neuroimages from contrast-enhanced computed tomography (CT) or magnetic resonance imaging (MRI), marked early shrinkage of the enhanced lesions or perifocal edema was evident in these initial studies.^[@B17],[@B18]^ More than 50% of the contrast-enhanced volumes disappeared in 8 out of the 12 patients during the follow-up period.^[@B18]^ To overcome the weak points of BNCT as performed in the 1950s and to improve the clinical results, we used an epithermal neutron beam instead of a thermal neutron beam, since the neutron flux by the latter was often insufficient, especially in the deeper parts of the brain. In addition, we used BSH and BPA simultaneously, a method reported elsewhere as modified BNCT.^[@B18]^

[Fig. 4](#F4){ref-type="fig"} shows representative MRI changes in a case of recurrent malignant glioma treated by BNCT using BPA as the sole boron compound. The original histology was anaplastic oligo-astrocytoma and the mass recurred after chemo-irradiation using standard chemoradiotherapy composed of X-ray treatment (XRT) and temozolomide (TMZ). BNCT was applied for this patient according to our recent protocol for recurrent malignant gliomas and meningiomas.^[@B19]^ Briefly, only BPA was administered over a 2-hr period (200 mg/kg/hr) just prior to and during the neutron irradiation (100 mg/kg/hr). Based on the PET-based simulation described above, we chose a neutron irradiation time that would keep the peak brain dose below 12.0 Gy-Eq (gray-equivalent). Here, Gy-Eq corresponds to the biologically equivalent X-ray dose that would have equivalent effects on tumors and on the normal brain. [Fig. 4](#F4){ref-type="fig"} shows the continuous shrinkage of the mass over 1 year without any evidence of recurrence on MRI.

Next we assessed the survival benefit of treating recurrent malignant gliomas by BNCT.^[@B20]^ Since the approval of on-label use of bevacizumab for malignant glioma in Japan, this agent has been used in many cases of newly diagnosed or recurrent malignant glioma. In addition, a tumor treatment field (TTF)-device has been developed for use in the treatment of GBMs. Unfortunately, however, no standard treatment has yet been established for recurrent malignant gliomas. Therefore it was difficult to evaluate the survival benefit of BNCT for recurrent malignant gliomas. To address this problem, we evaluated the survival benefit in patients classified into two groups, low- and high-risk recurrent malignant gliomas, by adopting the recursive partitioning analysis (RPA) classification for recurrent malignant glioma advocated by Carson et al. This classification system, which was presented in a 2007 article in the Journal of Clinical Oncology, was based on the results of 10 recent protocols of phase-1 and -2 trials applied by the New Approaches to Brain Tumor Therapy CNS Consortium for recurrent malignant glioma.^[@B21]^ When we published our initial results of BNCT for recurrent malignant glioma, the survival data were analyzed using 22 consecutive cases of recurrent malignant gliomas treated by BNCT from 2002 to 2007. Here, cases without GBM based on initial histology and with KPS ≤ 70% were assigned to RPA class 3, while those with GBM based on initial histology, age ≥ 50, and steroid use were classified as RPA class 7. The median survival times (MSTs) after BNCT for all patients and for GBM as on-study histology at recurrence were 10.8 months (n = 22; 95% CI, 7.3--12.8 months) and 9.6 months (n = 19; 95% CI, 6.9--11.4 months) in our series, respectively. The MST for high-risk RPA classes (class 3 + 7) was 9.1 months (n = 11; 95% CI, 4.4--11.0 months). By contrast, the original data of Carson et al. showed that the MST of the same RPA classes was only 4.4 months (n = 129; 95% CI, 3.6--5.4 months). BNCT showed a marked survival benefit for recurrent malignant glioma, especially in the high-risk group.^[@B20]^ Moreover, the median target volume on contrast MRI in our series was 42 ml, which is too large for treatment by stereotactic radiosurgery. In our data published in *J Neuro-Oncol* in 2009^[@B20]^ out of 22 cases of recurrent malignant gliomas treated by BNCT, we lost 5, 10, 1 and 3 cases due to local tumor progression, CSF dissemination, a combination of both, and uncontrollable brain radiation necrosis, respectively.

The biggest drawbacks with BNCT for recurrent malignant gliomas are the occurrence of brain radiation necrosis and symptomatic pseudoprogression. Most recurrent malignant glioma cases have already received nearly 60 Gy XRT prior to re-irradiation by BNCT. Even with tumor-selective particle radiation BNCT, brain radiation necrosis. and symptomatic pseudoprogression may develop. Occasionally brain radiation necrosis causes severe neurological deficits and sometimes it endangers the patient's life. The key molecule in this pathology is vascular endothelial growth factor (VEGF). Bevacizumab, an anti-VEGF antibody, has recently been used for the treatment of symptomatic brain radiation necrosis.^[@B22],[@B23]^ We have used bevacizumab in an attempt to control the symptomatic brain radiation necrosis and the symptomatic pseudoprogression encountered after BNCT for recurrent malignant gliomas with promising results.^[@B24]--[@B26]^ Therefore, BNCT in combination with bevacizumab should both prolong the survival and improve the quality of life of recurrent malignant glioma patients. Here we introduce a representative case of brain radiation necrosis caused by BNCT and successfully treated with bevacizumab ([Fig. 5](#F5){ref-type="fig"}).

BNCT for Newly Diagnosed Malignant Gliomas
==========================================

Hatanaka and his colleagues reported a good result of BNCT for newly diagnosed malignant gliomas between 1987 and 1994.^[@B27]^ However, Laramore et al.^[@B28]^ analyzed the survival data of a subset of 12 patients who had been treated by Hatanaka et al. and concluded that there were no differences in their survival times compared with the RTOG-RPA classifications.^[@B29]^

Several clinical studies of BNCT for newly diagnosed malignant gliomas^[@B30]--[@B33]^ were reported in the first decade of the 2000s in Europe and in the USA. In each of the studies, the MST was approximately 13 months. Although these survival times were similar to those obtained with surgery followed by XRT, no firm conclusions can be made as to whether the clinical results of BNCT are equivalent or superior to those of XRT.

On the other hand, after the confirmation of the effectiveness of BNCT for recurrent malignant glioma, we applied BNCT for newly diagnosed malignant gliomas, most of which were GBM. We have carried out several clinical studies in which BPA alone or in combination with BSH was administered for treatment of patients with primary, surgically resected malignant glioma.^[@B34]^ In patients with newly diagnosed GBMs, favorable responses were seen using BNCT with BPA and BSH either with or without an XRT boost, especially in high-risk groups. The MST of patients treated with this regimen (BNCT with X-ray boost) was 23.5 months compared to 15.6 months \[95% confidence interval (CI): 12.2--23.9 months\] after diagnosis for patients who had surgery followed by BNCT alone. This was significantly longer than the MST of 10.3 months for the historical controls (n = 27) at Osaka Medical College who had undergone surgical resection followed by XRT and chemotherapy with nitrosourea \[mainly nimustine (ACNU)\], as shown in [Fig. 6](#F6){ref-type="fig"}.^[@B35]^ Note that for these cases TMZ was not used.

Similarly, Yamamoto et al. have reported improved survival by combining BNCT with a photon boost.^[@B36]^ Based on these experiences, we recently completed a multicenter phase 2 Japanese clinical trial to evaluate BNCT in combination with TMZ and an XRT boost (Osaka-TRIBRAIN 0902, NCT00974987) for newly diagnosed GBM. We are currently opening the results of this clinical trial and hope to report on our findings in the near future.

BNCT for High-grade Meningiomas
===============================

The management of high-grade meningioma, especially malignant meningioma, is very difficult. In a large series of patients with this disease, the 5-year recurrence rate of high-grade meningioma was reported as 78--84%.^[@B37]^ The MST of patients has been reported as 6.89 years; late mortality due to recurrence after the initial surgery has been reported at 69%.^[@B38]^ Although some treatments for recurrent high-grade meningioma have been reported, including chemotherapeutic regimens, no standard treatment has yet been established.^[@B39]^

Since 2005, we have applied BNCT for cases of high-grade meningioma recurrent after or refractory to any intensive treatment modality.^[@B40],[@B41]^ To date we have treated 32 consecutive cases of high-grade meningiomas with BNCT. Twenty cases were followed up for more than 4 years and the MSTs after BNCT and diagnosis were 14.1 (95% CI: 8.6--40.4) and 45.7 months (95% CI: 32.4--70.7), respectively.^[@B19]^ A representative case is shown in [Fig. 7](#F7){ref-type="fig"}. Like the case shown in this figure, all cases responded well to BNCT and showed good shrinkage of the mass after BNCT.

However, many cases were lost even after BNCT. Out of 20 cases of high-grade meningioma treated by BNCT, we lost 13 cases, 2 from local tumor progression with radiation necrosis, 1 from simple local tumor progression, 4 from systemic metastasis, 1 from intracranial distant recurrence outside the irradiation field, 3 from CSF dissemination, and 2 from other diseases.^[@B20]^ These problems must be overcome.^[@B19]^

From Reactor to Accelerator
===========================

Before 2012, all BNCT clinical irradiations were carried out at reactor neutron sources. As described above, BNCT is very effective for recurrent malignant gliomas and high-grade meningiomas. The biggest restriction of BNCT for universal and standard use as radiation therapy not only for malignant brain tumors but also for malignancies at other organs is the use of nuclear reactors. More than eight such facilities have been constructed for clinical use in the USA, Argentina, Europe, and Asia. However, nuclear reactors require a vast amount of land and very large structures. In addition, they run the risk of contamination by radioactivity. In the disastrous 2011 Tohoku earthquake and tsunami in northern Japan, one of the two nuclear reactors that could be used for BNCT was shut down. In addition, as this manuscript is being prepared, another Kyoto University Research Reactor has been ordered to be closed beginning in June 2014 for a thorough check and maintenance.

Another potential source of neutrons is the accelerator-based neutron sources currently being developed as neutron sources in hospital settings. Accelerator sources are expected to be much easier to license in a hospital setting than nuclear reactors. Proponents of accelerator-based neutron sources also believe that they could be more compact and less expensive than comparable reactor sources. However, generally speaking, their low intensity of neutrons, compared to reactors, has been a problem. It has been necessary to increase the intensity of the neutron supply by more than an order of magnitude, if accelerators are to be competitive with reactor sources for clinical BNCT. This would require that the accelerator current and target heat load also be increased by more than an order of magnitude over that achievable with the currently available technology.

For practical use, a small accelerator-based neutron source has been produced in Japan by Sumitomo Heavy Industries, Ltd., in which a cyclotron is used to generate the protons (cyclotron-based epithermal neutron source).^[@B42],[@B43]^ Here, we introduce this cyclotron-based epithermal neutron source system in [Fig. 8](#F8){ref-type="fig"}. In addition, we have finished a phase 1 clinical trial for patients with recurrent malignant gliomas that was the first in the world to use a cyclotron-based epithermal neutron source system. This was followed by a trial in patients with recurrent head and neck cancers. We are now starting a phase 2 clinical trial for recurrent malignant glioma using a cyclotron-based epithermal neutron source. Hopefully all clinical BNCT irradiation will be replaced with accelerator-based neutron sources from reactor-based BNCT in the next decade.

Future Prospects
================

As discussed above, the recent decade has been the era of the development of accelerator-based neutron sources for BNCT. On the other hand, many researchers have conducted much successful clinical work using BSH and BPA as boron carriers in BNCT, as mentioned above. In the past decades, many boron carriers have been tested preclinically, including dodecaborate cluster lipids and cholesterol derivatives,^[@B44]^ boron-containing liposomes,^[@B45],[@B46]^ boronated DNA intercalators,^[@B47]^ transferrin-polyethylene glycol liposomes,^[@B48],[@B49]^ boronated porphyrins,^[@B50]--[@B52]^ boronated epidermal growth factor (EGF), anti-epidermal growth factor receptor (EGFR), vascular endothelial growth factor receptor (VEGFR) monoclonal antibodies,^[@B53]--[@B59]^ BSH fused cell-penetrating peptide,^[@B60]^ and so on. However, no boron carriers have surpassed BSH and BPA. At this stage, for a boron-carrier to be considered superior, it will need to achieve a definitive improvement in the success of BNCT. Following this metric, we must seek an ideal boron carrier with greater efficacy than BSH and BPA in the coming decades.

![The principle of boron neutron capture therapy (BNCT). BNCT is a binary approach. A boron-10 (^10^B)-labeled compound is administered that delivers high concentrations of ^10^B to the target tumor relative to surrounding normal tissues. This is followed by irradiation with thermal neutrons or epithermal neutrons that become thermalized at depth in tissues. The short range (5--9 micrometers) of high LET alpha and ^7^Li particles released from the ^10^B(n, alpha) ^7^Li neutron capture reaction realizes tumor-selective killing without damage to adjacent normal brain tissue.](nmc-56-361-g1){#F1}

![Structural diagrams of sodium borocaptate (BSH) and boronophenylalanine (BPA). BSH is a macromolecule. BPA is boronated-phenylalanine, one of the essential amino acids.](nmc-56-361-g2){#F2}

![Fluid-attenuated inversion recovery (FLAIR) and contrast-enhanced T~1~-weighted magnetic resonance imaging (MRI) of a representative glioblastoma patient and ^18^F-labeled boronophenylalanine-positron emission tomography (BPA-PET) image after initial debulking surgery. The patients received ^18^F-BPA-PET to assess the distribution of BPA and to estimate the boron concentration in tumors before boron neutron capture therapy (BNCT) without direct determination of boron concentration in the tumor. A: FLAIR and B: Gd-enhanced T~1~-weighted MRI. C: ^18^F-BPA-PET image. All images were obtained after initial debulking surgery and prior to BNCT. The lesion-to-normal (L/N) brain ratio of the enhanced tumor was 7.8 in this case. Note that even the periphery of the main mass, that is, the infiltrative portion of the tumor, showed BPA uptake. The L/N ratio of BPA uptake was estimated from this study and was then used for the dose planning. ^18^F-BPA-PET provided an accurate estimate of the accumulation and distribution of BPA as previously reported.^[@B61],[@B62]^](nmc-56-361-g3){#F3}

![Representative MRI changes in a case of recurrent malignant gliomas treated by BNCT. The patient underwent a craniotomy and the histological analysis indicated anaplastic oligo-astrocytoma. She received chemo-irradiation with several chemotherapeutic regimens, including procarbazine, lomustine, vincristine (PCV) and TMZ. Unfortunately, the mass recurred with aggravation of the left hemiparesis. RPA classification for recurrent malignant gliomas was judged as class 3, and therefore the estimated median survival time at recurrence was 3.8 months. The MRI prior to BNCT showed irregularly enhanced mass infiltrates from the right frontal and temporal lobes into the basal ganglia. After BNCT, the mass shrunk rapidly and constantly. One year after BNCT, the patient is well without any chemotherapy. BNCT: boron neutron capture therapy, MRI: magnetic resonance imaging, PCV: procarbazine, lomustine, vincristine, RPA: recursive partitioning analysis, TMZ: temozolomide.](nmc-56-361-g4){#F4}

![A representative case of brain radiation necrosis caused by BNCT and treated with bevacizumab successfully. The right parietal GBM recurred after standard chemoradiotherapy. The F-BPA-PET image showed marked tracer uptake in the right parietal region with a 3.8 lesion-to-normal (L/N) brain ratio of the tracer, indicating that the lesion was a recurrent GBM. The patient was treated with BNCT. Periodic MRIs showed gradual enlargement of both the enhanced lesion and perifocal edema, whereas ^18^F-BPA-PET showed a gradual decrease of the tracer uptake. The final L/N ratio, 13 months after BNCT, was 2.3. This L/N ratio and the simultaneous MRI suggested that the lesion was brain radiation necrosis. The patient was not able to continue his work as a cook, and we decided to begin intravenous bevacizumab treatment biweekly (5 mg/kg). After four treatments, MRI showed marked improvement in the perifocal edema and left hemiparesis. The patient is now doing well and has resumed his work as a cook, 44 months after the BNCT, without tumor progression or recurrence of the radiation necrosis. A, A' and A": Gd-enhanced T~1~-weighted and FLAIR MRI and ^18^F-BPA-PET imaging taken just prior to BNCT. B, B' and B": Gd-enhanced T~1~-weighted and FLAIR MRI and ^18^F-BPA-PET imaging taken 13 months after BNCT. From B", we judged this worsening on MRI as brain radiation necrosis. C, C': Gd-enhanced T~1~-weighted and FLAIR MRI taken 15 months after BNCT and 2 months after the initiation of bevacizumab treatment. D, D': Gd-enhanced T~1~-weighted and FLAIR MRI taken 44 months after BNCT with bevacizumab treatments. BNCT: boron neutron capture therapy, BPA-PET: boronophenylalanine-positron emission tomography, FLAIR: fluid-attenuated inversion recovery, GBM: glioblastoma, L/N: lesion-to-normal, MRI: magnetic resonance imaging.](nmc-56-361-g5){#F5}

![Kaplan-Meier survival curves of newly diagnosed glioblastoma patients treated with BNCT. The *closed circles* represent the survival times of our institutional historical controls (surgical removal, XRT, and chemotherapy, mainly ACNU-based) (n = 27) and show an MST of 10.3 months. The *open circles* represent the survival times of the patients treated with BNCT (protocols 1 plus 2, n = 21), and show an MST of 15.6 months (log-rank test, p = 0.0035). The *open triangles* represent the survival times of the patients treated with protocol 2, n = 11, and show an MST of 23.5 months. In protocol 1, the patients received BNCT alone as radiotherapy and in protocol 2, patients received BNCT followed by XRT. This data was taken from our previous study.^[@B34]^ BNCT: boron neutron capture therapy, MST: median survival time, XRT: X-ray treatment.](nmc-56-361-g6){#F6}

![Representative treatment effects of BNCT on high-grade meningiomas. A 25-year-old woman who had a history of repetitive recurrence of rhabdoid meningioma (WHO grade 3) even after several surgeries and SRSs. Serial contrast-enhanced axial, coronal, and sagittal magnetic resonance images demonstrated that a right frontal tumor, which had rapidly re-grown after the last GKS, was reduced gradually in 4 months after BNCT. Prior to BNCT, she manifested left hemiparesis and could mobilize only with a wheelchair, whereas she began to walk within a week after BNCT. A: One week prior to BNCT; B: Two weeks after BNCT; C: Four months after BNCT. BNCT: boron neutron capture therapy, GKS: gamma knife surgery, SRS: stereotactic radiosurgery, Sumitomo Heavy Industries (Shinagawa-ku, Tokyo, Japan). WHO: World Health Organization.](nmc-56-361-g7){#F7}

![A photograph of a cyclotron-based accelerator for neutron generation and an illustration of an irradiation room including a beryllium target, collimator, and irradiation bed or chair. By courtesy of Sumitomo Heavy Industries, Ltd., Shinagawa-ku, Tokyo, Japan.](nmc-56-361-g8){#F8}
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